Relationships have been obtained between intermonomer torsional angle and NMR chemical shifts ( 1 H and 13 C) for isolated chains of two of the most important poly(9,9-dialkylfluorenes), poly[9,9-bis(2-ethylhexyl)-fluorene-2,7-diyl] (PF2/6) and the copolymer poly(9,9-dioctylfluorene-co-[2,1,3]benzothiadiazole-4,7-diyl) (F8BT), using DFT calculations. The correlations provide a model for NMR spectral data interpretation and the basis for analysis of conformational changes in poly(9,9-dialkylfluorene-2,7-diyl)s. The correlations obtained for PF2/6 indicate that the 13 C chemical shifts of the aromatic carbons close to the intermonomer connection (C1, C2, and C3) have minimum values at planar conformations (0°and 180°) and maximum values at 90°c
1
H chemical shifts of the corresponding aromatic ortho protons (Ha and Hb) are greatest for planar conformations, and the minimum values are seen for 90°conformations. For the F8BT copolymer, similar relationships are observed for the 1 H (Ha, Hb, and Hc) aromatic shifts. Considering the aromatic carbons of F8BT, the behavior of C2, C4, C5, and C6 is similar to that found for the PF2/6 carbons. However, C1 and C3 of the fluorene moiety behave differently with varying torsion angle. These are in close proximity to the fluorene-benzothiadiazole linkage and are markedly affected by interactions with the thiadiazole unit such that δ C1 is a maximum for 180°and a minimum for 0°, whereas δ C3 is a maximum for 0°and minimum for 180°. We have studied the 1 H and 13 C spectra of the two polymers at temperatures between -50°C and +65°C. The observed changes to higher or lower frequency in the aromatic resonances were analyzed using these theoretical relationships. Fluorescence studies on PF2/6 in chloroform solution suggest there are no significant interchain interactions under these conditions. This is supported by variabletemperature NMR results. Polymer-solvent and polymer intramolecular interactions were found to be present and influence all of the alkylic and one of the aromatic 1 H resonances (Hb). The detailed attribution of the 1 H and 13 C NMR spectra of the two polymers was made prior to the establishment of the relationships between torsion angle and NMR chemical shifts. This was carried out through DFT calculation of the 1 
Introduction
Conjugated organic polymers have emerged as an important class of molecules for use as the active material in electronic and optoelectronic devices. Their particular physical and chemical characteristics, combining the electronic properties of semiconductors or metals with the low cost and the ease of processing of organic polymers, make them especially attractive in the development of new technologies. Currently, interest is being focused on the design of conjugated polymers with optimized properties for applications in areas such as light emitting diodes (LEDs), thin-film transistors, sensors, and photovoltaic cells. 1, 2 Conjugated polymers are also finding applications as artificial muscles, corrosion inhibitors, electronic textiles, in nerve cell communications, 3 and, potentially, in data storage systems. 4, 5 Among these polymers, poly(9,9-dialkylfluorenes) (PFs) and related copolymers are particularly important because of their chemical and thermal stability, blue light emission, high photoluminescence (PL) quantum efficiency, and ease of property tuning by copolymerization. [6] [7] [8] [9] Alkyl chains can be introduced at the fluorene C-9 position, offering the possibility of controlling the polymer solubility, liquid crystallinity, chirality, and at the same time modulating interchain interactions in films. Although the rigid fluorene monomer units are not affected by the inclusion of the alkyl side chains, this may, however, influence intrachain conformation, particularly in nondilute solutions, and will also influence packing in films, where branched alkyl chains, such as in PF2/6, help limit interchain interactions. Thus, poly[9,9-bis(2-ethylhexyl)fluorene-2,7-diyl] (PF2/6) and poly(9,9-dioctylfluorene-2,7-diyl) (PF8) are structural archetypal polyfluorenes (PFs), but despite their chemical resemblance, they present some striking distinctive features in solution and in films. In particular, PF2/6 generally adopts a wormlike chain conformation in dilute solution, 10 whereas this leads to a helical structure in thin films. 11, 12 In contrast, the PF8 backbone conformation can vary from an almost planar structure, conventionally referred to as the -phase (C isomer), with torsion angles from 160 to 165°, to less planar structures (C R and C γ isomer families), with torsion angles around 135°and 150°. 13 Further, in studies with poly(9,9-dialkylfluorene)s with different side chains 14, 15 and random copolymers of PF2/6 and PF8, it has been shown that the side chain length and branching can have a dramatic effect on both solution structure and phase behavior. 16 Moreover, solvent can have a dramatic influence on the structure and aggregation behavior of PFs. 17 The study of the structural and electronic properties of polyfluorenes, both in solution and in solid state, is of key importance for the understanding of the properties of homologous polymer and oligomer systems, particularly in view of their applications in optoelectronic devices. Furthermore, the crystallinity and molecular packing of a polymer is related to a large extent to its backbone conformation. NMR has frequently been used in polymer chemistry to study structure, conformation, and defects, and its value in the particular case of PFs has been confirmed. 18 In addition, it complements scattering techniques, such as small-angle X-ray and neutron scattering by reporting on a smaller distance scale. 15 To obtain the maximum advantage of this powerful technique, detailed spectral assignment is a prerequisite. However, although partial assignment has been made of the NMR spectra of a number of polyfluorenes, 18, 19 full assignments are still lacking. For this, the combination of NMR spectroscopy with quantum mechanical calculations opens a wide scope of possibilities for obtaining further insight into the structure-properties relationships of these materials. The main objective of this study is to find relationships that allow the interpretation of the easily obtainable NMR chemical shifts of this class of polymer as a tool for conformational analysis. These studies will be carried out for PF2/6, taken as archetypal for PF homopolymers. Additionally, they will also be carried out for poly(9,9-dioctylfluorene-co- [2, 1, 3] benzothiadiazole-4,7-diyl) (F8BT), an important copolymer of fluorene and the electron-deficient [2, 1, 3] benzothiadiazole (BT) comonomer, which emits in the green, and is valuable as a charge transport layer in devices. 20 Theoretical methods that include electron correlation (ab initio and density functional theory, DFT) are known to describe the geometry of organic molecules as well as their energetics in a satisfactory manner. 21 The value of DFT in simulations on poly(9,9-dialkylfluorene-2,7-diyl) polymers has recently been reported. 22 This paper complements that work in a combined experimental and theoretical study coupling 1 H and 13 C NMR spectroscopy in dilute solution with DFT calculations for isolated molecules to address the questions referred to above.
Experimental Section
Computational Details. All the molecular optimizations were performed by DFT without symmetry constraints using the GAMESS 23 code. The calculations employed the B3LYP (Becke three-parameter Lee-Yang-Parr exchange correlation functional, which combines the hybrid exchange functional of Becke 24 with the correlation functional of Lee, Yang, and Parr (LYP) 25 ). In the optimization of the PF2/6 monomer, several different basis sets for the expansion of the Kohn-Sham orbitals were compared; in particular, the 3-21G(d), 6-31G(d,p), and 6-31+G(d) standard basis sets. For these structures, the nuclear shieldings were computed at the B3LYP/GIAO (gauge-including atomic orbital method) level using the 3-21G(d), 6-31G(d,p), and 6-31++G(d,p) basis sets. For the structure obtained using the 3-21G(d) basis sets, the shieldings were also computed at the HF/GIAO/3-21G(d) level. The 1 H and 13 C NMR chemical shifts were also calculated for the optimized geometry of the F8BT monomer. The structure was optimized at the B3LYP/ 6-31G(d,p) level, and the NMR chemical shifts were calculated at the B3LYP/GIAO/6-31G(d,p) level. The NMR calculations were carried out with the NWCHEM 26 program employing a fine integration grid (FINE option). The effect of the interunit torsion angle on 1 H and 13 C NMR chemical shifts was analyzed for the PF2/6 dimer and the F8BT monomer (the alkyl chains at the C-9 positions were replaced by methyl groups to reduce the computation time) starting from the structures optimized at the B3LYP/ 6-31G(d,p) level and varying the torsion angle by 10°steps. The structures were not relaxed at each torsion angle. For each structure, the nuclear shieldings were computed at the B3LYP/6-31G(d,p) level and converted into relative chemical shifts as indicated above. NMR and Fluorescence Methodology. PF2/6 and F8BT samples were prepared by dissolving a weighed amount of the polymer in chloroform-d and were kept protected from light; all molar concentrations are given in terms of polymer repeat units. Chloroform is known to be a good solvent for polyfluorenes 8 and is chosen to minimize the aggregation seen in aromatic solvents, such as toluene. 15, 17 The synthesis of PF2/6 has been described previously. 27 F8BT was a gift from Professor J. Morgado, and its characteristics are reported elsewhere.
28 Chloroform-d (99.8 atom % 2 H) was purchased from Sigma-Aldrich, Inc., Germany. The 1 H and 13 C NMR spectra were recorded on a Varian UNITY-500 NMR spectrometer (at 499.824 and 125.692 MHz, respectively). The residual 1 H signal of CDCl 3 (δ ) 7.27 ppm) and the 13 C triplet centered at δ ) 77.23 ppm, relative to TMS, were used as internal references for 1 H and for 13 C, respectively. The DEPT (distortionless enhancement by polarization transfer) and HETCOR (HETeronuclear CORrelation) spectra were recorded on the same spectrometer. For the variable temperature studies, the samples were allowed to attain thermal equilibrium before acquiring the spectra. Steady-state fluorescence spectra were obtained using a Horiba-Jobin-Ivon SPEX Fluorog 3-22 instrument. To minimize problems arising from inner filter effects and self-absorption, 29 a frontface (FF) configuration was employed. All the fluorescence spectra were corrected for the wavelength response of the system.
Results and Discussion
Attribution of PF2/6 and F8BT
13
C and 1 H NMR Spectra. Before turning to the conformational study, we will start by carrying out a thorough attribution of the 1 H and 13 C NMR spectra of PF2/6 and F8BT. The signals in these have not yet been assigned in detail, and the complete attribution is indispensable for establishing correlations between NMR chemical shifts and conformation and, hence, understanding the conformational behavior of PF derivatives. NMR parameters are extremely sensitive to the molecular orbital distribution and, consequently, to the structure and bonding of a molecule. This means that NMR spectroscopy can, in principle, be used to follow backbone conformational changes in PF derivatives under different solution or temperature conditions, provided that we have a model that correctly correlates the observed spectral changes with structure. Figure 1 shows the chemical structures of PF2/6 and F8BT. The monomer of PF2/6 was optimized by DFT considering the isolated molecule at the B3LYP level using the 3-21G(d), 6-31G(d,p), and the 6-31+G(d) basis sets. The optimization was followed by calculation of the NMR chemical shifts for the obtained structures. The theoretical calculation of the NMR chemical shifts will help clarify the attribution of the experimental NMR spectra. Additionally, the comparison between theoretical and experimental chemical shifts constitutes a valuable tool for evaluating the accuracy of the theoretical geometries calculated through this optimization. Following this, we have computed the NMR chemical shifts of the PF2/6 monomer at several DFT levels and also at the Hartree-Fock (HF) level. We have obtained the 13 C and 1 H NMR spectra of PF2/6 in CDCl 3 solution, under conditions where we believe that we have isolated polymer chains. Figure 2 shows the equilibrium structure of the monomer at the B3LYP/6-31G(d,p) level, and in Tables 1 and 2 , we compare the experimental PF2/6 13 C and 1 H chemical shifts with the computed chemical shifts for the monomer at the different calculation levels.
The PF2/6 2-ethylhexyl side chains contain an asymmetric carbon (C15 and C15′ in Figure 2 ). Consequently, there are three possible isomers: R,R, S,S, and the meso. Most experimental PF2/6 research, as in our case, uses racemic PF2/6, in which all three isomers are present in equal proportions. In our calculations, we have considered only the S,S isomer (or the b In the polymer, the hydrogen atoms at the 2 and 7 positions of the monomer are substituted with the carbon atoms of a new monomer.
c Attribution based on integration of experimental 13 C aromatic signals.
equivalent R,R one). In terms of chemical shifts, these are identical, since NMR cannot distinguish between optical isomers. The meso isomer will have slightly different chemical shifts, but we do not expect these differences to be significant and will ignore them for the purpose of NMR chemical shift predictions. Any major differences would be likely to come from different intrachain or interchain interactions with the meso isomer, but these are not expected to be important under our experimental conditions.
We have calculated the 13 C and 1 H chemical shifts of the PF2/6 monomer at the HF/3-
, and B3LYP/6-31++G(d,p) levels. In Table 1 we have compiled the 13 C results and can see that the B3LYP/3-21G(d)//HF/3-21G(d) 13 C chemical shifts are systematically underestimated (the notation indicates [geometry optimization// NMR calculation] levels). A similar result is obtained for the B3LYP/3-21G(d)//B3LYP/3-21G(d) level of calculation. Here, the differences between predicted and experimental shifts are larger for the aromatic carbons and smaller for the alkylic carbons. Overall, the best results are obtained for the B3LYP/ 6-31G(d,p)//B3LYP/6-31G(d,p) and B3LYP/3-21G(d)//B3LYP/ 6-31G(d,p) levels, the two levels giving almost identical results with absolute differences between calculated and experimental shifts ranging from 0.08 to 5.52 ppm. Curiously, the use of diffuse basis functions in the optimization leads to a rather asymmetrical structure, as can be seen from the predicted chemical shifts. The quality of the results at this level is similar to that of the 6-31G(d,p)//6-31G(d,p) and 3-21G(d)//6-31G(d,p) levels. The attribution of the 13 C NMR spectrum of PF2/6 is relatively simple on the basis of the chemical shift predictions. Despite some small differences between the computed and the experimental shifts at the 6-31G(d,p)//6-31G(d,p) and 3-21G(d)// 6-31G(d,p) levels, there is a clear correspondence between the calculated and the experimental chemical shifts, which is the same whatever the calculation level (except for the results at the 6-31+G(d)//6-31++G(d,p) level, where the asymmetry of the structure makes it difficult to establish a relationship). The correspondence between experimental and computed shifts is presented in Table 1 . The calculations systematically predict larger chemical shifts for the quaternary aromatic carbons C10/ C13 and C11/C12, and we therefore attribute the two signals at higher frequency to these two carbons. C2/C7 in the monomer are CH carbons and, thus, have a 13 C shift around 122 ppm at the 6-31G(d,p)//6-31G(d,p) level. However, in the polymer, they become quaternary carbons because the H atoms at these positions are replaced by the carbons of new monomer units. Since these carbons become quaternary, we expect their chemical shifts to be at higher frequency; integration of the aromatic signals in the 13 C spectrum suggests that they are at 140.42 ppm.
When analyzing the differences between the calculated and the experimental chemical shifts, we should take into account that we are comparing theoretical chemical shifts obtained for the static equilibrium geometry of the monomer in the gas phase (i.e., as an isolated molecule) with the experimental shifts obtained for the polymer in solution at room temperature. There are, therefore, numerous factors that are not included in our calculations, such as temperature (rovibrational) effects, zeropoint energy effects, intra-and intermolecular (including solvent) interactions, and most importantly, we are just considering one small repeat unit of the polymer and not the large macromolecules with several hundreds repeat units that exist in solution. In addition, it is important experimentally that the polymers are present as isolated chains and do not aggregate in solution. This will be discussed in detail later in the paper.
The theoretical predictions agree perfectly with the experimental DEPT spectrum of PF2/6 (inset of Figure 3 ). The DEPT spectrum shows that the signals at 10.59 and 14.27 belong to the terminal alkyl CH 3 carbons; the signals at 23.01, 27.35, 28.56, and 34.39 belong to the alkyl CH 2 carbons; and the signal at 34.97 belongs to the alkyl CH carbons, exactly as the calculations indicate. The complete attribution of the 13 C NMR spectrum of PF2/6 is shown in Figure 3 . Table 2 contains the theoretical 1 H chemical shifts obtained at the same levels used to calculate the 13 C shifts. 1 H shifts are especially sensitive to small electronic density variations, such as those caused by intermolecular interactions and, thus, are more difficult to calculate accurately for macromolecules in solution. The B3LYP/3-21G(d)//HF/3-21G(d) method performs reasonably well for the aromatic protons, but it strongly underestimates some of the alkylic protons. This is mostly due to the neglect of correlation effects in the calculation of the shifts at the HF level. In addition, the results at the 6-31+G(d)// 6-31++G(d,p) level are very irregular due to the asymmetry of the geometry at this level. The best results are obtained using the 6-31G(d,p)//6-31G(d,p) and 3-21G(d)//6-31G(d,p) basis. The CH 3 chemical shifts are well-predicted at both of these levels, with differences between calculated and experimental shifts ranging from 0.04 to 0.12 ppm. The CH alkylic proton and most of the CH 2 protons (except H15, H16, H21, and H22), however, are slightly overestimated. For the CH 2 and CH alkylic protons, the differences at these two calculation levels vary from 0.00 to 0.88 ppm. The calculations predict a distinctly larger chemical shift for the CH 2 protons attached to C14, and consequently, we attribute the experimental shift at 2.14 ppm to these protons. The aromatic H1/H8 and H4/H5 CH protons are wellreproduced, but the H3/H6 values are slightly underestimated. We can analyze these results in conjunction with the HETCOR spectrum of PF2/6 ( Figure 4 ) and the 13 C theoretical attribution established in Table 1 and Figure 3 .
From the HETCOR results, we know that the methylinic H atoms attached to C21 (H23-H25) have a δ 1 H of 0.61 ppm. Similarly, we know that the methylinic H18-H20 (attached to C19) have a δ 1 H of 0.69 ppm. In the methylene and CH region, the H atoms attached to C16 (H12, H13), C18 (H16, H17), and C20 (H21, H22) lead to the broad signal from 0.90 to 0.95 ppm, and the H atom attached to C15 has δ 1 H ∼ 0.70 ppm. Figure 5 shows the 1 H NMR spectrum of a PF2/6 solution in CDCl 3 . The signal at 1.55 ppm is due to the residual H 2 O present in the solvent. The calculations indicate that in the monomer, H1/ H8 and H4/H5 will be more deshielded than H2/H7 and H3/ H6. In the polymer, the H2/H7 protons will be missing, since these will be substituted by the carbon atoms of adjacent new monomeric units. Consequently, the H1/H8 signal will turn into a singlet, and the H4/H5 and H3/H6 signals will each turn into a doublet. We also expect the aromatic shifts to be slightly deshielded in the polymer relative to the monomer because of the inclusion of carbon atoms at the 2 and 7 positions. On the basis of the theoretical shifts and integration of the aromatic signals, we attribute the aromatic protons as depicted in Figure  5 .
For the attribution of the 1 H and 13 C NMR signals of F8BT, we have used the same procedure. Figure 6 shows the DFT optimized structure of the monomer, and Table 3 compares the experimental chemical shifts obtained for the polymer in solution with the theoretical shifts calculated for the monomer. The attributions of the 1 H and 13 C spectra are presented in Table 3 . On the basis of the performance of the different methods tested for PF2/6, we have chosen the B3LYP/6-31G(d,p) levels for both structure optimization and NMR shielding calculations.
The pairs of atoms indicated in the "site" column of Table 3 are nonequivalent in the monomer (and the calculations reflect this); however, in the polymer, they will be equivalent due to symmetry. The chemical shifts of the carbon atoms C1, C3, C4, and C15 and of the hydrogen atoms H1, H3, H4, and H9 will be strongly affected when going from the monomer to the polymer due to substitution of the H2 and H10 by the benzothiadiazole and fluorene units, respectively. Thus, we have not considered their calculated chemical shifts (in brackets in Table 3) Despite eventual structural and electronic differences between pure fluorene and the fluorene-2,7-diyl moieties incorporated in the PF2/6 and F8BT polymers, the 13 C shifts of the aromatic carbons of the polymers (Figures 3 and 7b) follow the same sequence of shifts as the aromatic carbons in fluorene (fluorene 13 C attribution was obtained from the Internet NMR spectral database operated by the National Institute of Materials and Chemical Research of Japan 30 ). Fluorescence Studies on Aggregation Behavior of PF2/6 in Chloroform. At the concentrations used in these NMR experiments, PF2/6 is known to aggregate in aromatic solvents, such as toluene. 17 Since it is difficult solely from NMR spectroscopy to rule out interchain aggregations with polyfluorenes, 15 we have studied the behavior of PF2/6 in chloroform solution using fluorescence spectroscopy, which gives direct information on any perturbations to the aromatic backbone arising from π-stacking or other effects. These experiments are not easy to perform in the same concentration range used in the NMR study due to inner filter and reabsorption effects. 29 Fluorescence spectra have been measured for concentrated and dilute solutions of PF2/6 in chloroform, with excitation at the long wavelength edge of the absorption (390 nm). Typical normalized spectra are shown in Figure 8 . The main difference from the concentrated solution is a loss of the first vibrational component around 414 nm and a slight apparent red shift in the second component in the 445-450 nm region. Although the slight shift in this band with the concentrated solution may suggest some kind of aggregation, the dominant effect is clearly due to strong self-absorption, and there is little evidence for π-stacking. If significant aggregation is occurring in this solvent, this would also be expected to be strongly dependent upon temperature. Spectra were recorded for concentrated and dilute solutions at various temperatures from room temperature to -30°C . However, only slight variations in intensity and band shape and no shifts in emission maxima were observed on cooling. The normalized spectra of the concentrated solution at room temperature and -30°C are compared in Figure 8 , and nonnormalized spectra for concentrated and dilute solutions are given as Supporting Information ( Figure S1 ). The lack of spectral shift or quenching of the fluorescence on cooling contrasts with the behavior expected for π-stacking, such as is seen with poly[2,7-(9,9-bis(2,6-ethylhexyl)fluorene)-alt-1,4-phenylene], where both strong quenching and red-shifts in maxima are seen on going from chloroform solution to thin films. 31 We therefore feel that at the concentrations used in the NMR experiments, there is no perturbation of the conjugated polymer backbone due to interchain interactions.
Conformational Effects on NMR Chemical Shifts. The conformation adopted by the backbone of a polymer in solution depends on a variety of factors, including the temperature, the concentration of the polymer, the quality of the solvent, and the nature of both the backbone and any substitution present in the polymer. Polymer backbone conformation influences its physical (crystallinity and molecular packing), electronic, and optical properties, and thus, its use and performance in optoelectronic devices. Several PFssin particular, poly(9,9-diheptylfluorene-2,7-diyl) (PF7), poly(9,9-dioctylfluorene-2,7-diyl) (PF8), and poly(9,9-dinonylfluorene-2,7-diyl) (PF9)sare known to adopt an almost planar conformation under certain conditions, with torsion angles around 160-165°(the so-calledphase). 13, 14, [32] [33] [34] [35] [36] [37] [38] [39] This is important for electronic device applications due to its emission properties. It is, hence, of great interest to obtain tools that easily give us information on backbone conformation and, for example, help in identifying favorable conditions for the formation of the -phase. Since NMR chemical shifts report on the behavior on the atomic distance scale and are sensitive even to subtle structural changes, this seems to be an ideal technique for that purpose.
It is expected that the chemical shifts of the aromatic carbons and protons will vary strongly with changes in the interunit torsion angle. In previous studies with fluorene based polymers in solution, we 15 have found that the protons of biphenyl, as a model compound, are very sensitive to the torsion angle between the two phenyl units, and another study has analyzed the same effect for 13 C NMR shieldings in biphenyl. 40 Here, we have considered the PF2/6 dimer and the F8BT monomer and have analyzed how selected aromatic 1 H and 13 C chemical shifts vary with the torsion angle. The alkyl chains at position 9 of the five-membered ring were replaced by methyl groups to reduce computational time. It has been shown that this does not significantly affect the equilibrium geometries 41 or the molecular orbital distribution. 42 The results are shown in Figures 9, 10 , and 11.
For the PF2/6 dimer, the study shows that the chemical shifts of the carbon atoms C1, C2, and C3 (vide Figure 9) decrease as the structure becomes close to planar (for 0°and 180°) and increase outside these values, reaching a maximum in the neighborhood of 90°and 270°. The largest variation (ca. 8 ppm) was found for C2. The The chemical environment of these carbon atoms will be strongly affected when going from the monomer to the polymer.
c "d" stands for doublet and "t" stands for triplet.
angle is understood in view of the fact that at planar conformations, there is an increase in the electronic conjugation. This increase will lead to the electronic density being more delocalized onto the carbon atoms and further from the hydrogen atoms. We also need to consider that with planar conformations, the calculated distances between Ha, Ha′ (1.8620 Å) and Hb, Hb′(1.8063 Å) are less than the sum of the van der Waals radii (2.40 Å, using data from ref 43) such that the repulsions between electrons will increase, thus affecting their electronic clouds. This depletion of electrons on the 1 H atoms will diminish their shielding, and consequently, their chemical shifts increase. The opposite effect occurs with the carbons, with an increased shielding. An alternative explanation, which is possibly equivalent in electronic terms, is in terms of ring currents, in which the opposite effects will be observed with carbon and hydrogen. This is discussed in detail elsewhere. 44 For the F8BT monomer, we have analyzed the variation of the chemical shift of the Ha, Hb, and Hc hydrogen atoms ( Figure  10 ) and of the C1, C2, C3, C4, C5, and C6 carbon atoms ( Figure  11 ). For the hydrogen atoms, the pattern of variation is similar to the one obtained for the PF2/6 dimer, with maximum δ at conformations close to planar and minimum δ for conformations with torsion angles close to 90°(and 270°).
The chemical shifts of the carbon atoms C2, C4, C5, and C6 reach minimum values at conformations close to planar and increase as the torsion angle approaches 90°and 270°, similar to what was observed for the PF2/6 dimer. C1 and C3, however, have very distinct behaviors as, respectively, they reach maximum and minimum δ values at 180°and minimum and maximum δ values at 0°. This is due to their position relative to the electronegative sulfur and nitrogen atoms of the benzothiadiazole unit. The proximity to the thiadiazole unit has a deshielding effect on these carbon atoms; thus, C1 δ is a maximum at 180°and C3 is maximum at 0°. From the results of Figures 9, 10, and 11, we conclude that the chemical shifts of the carbon and hydrogen atoms in the neighborhood of the interunit bond are sensitive to the torsion angle variation. This means that their experimental (solution or solid state) NMR chemical shifts can be used to probe for backbone conformation. For the PF2/6 dimer, C2 is the most sensitive carbon, with a δ variation of 8 ppm for a torsion angle variation from 0°to 60°. C1 and C3 have variations of about 5 and 6 ppm. Ha and Hb are equally sensitive (about 1 ppm of δ variation), but Hb is more sensitive in the region from 0°to 120°, and Ha is more sensitive in the region from 70°to 180°. For the F8BT monomer, C1, C2, C4, and C5 are the most sensitive carbons in the region from 0°to 90°, with δ variations from 8 to 5.5 ppm. C3, C4, and C5 are most sensitive in the region from 90°to 180°, with δ variations around 7 ppm. Ha and Hb are highly sensitive, with δ variations about 4 ppm. Hb is more sensitive from 0°to 80°and Ha from 80°to 180°.
The results in Figures 9, 10 , and 11 do not include the calculated chemical shifts at 90°and 270°torsion angles. At these angles, there is a breakdown of the electronic conjugation, and consequently, the 13 C and 1 H shifts decrease abruptly due to the localization of electron density on the atoms. Because of the breakdown of the electronic conjugation, these conformations are highly unstable.
We will now analyze which conformational changes occur for PF2/6 and F8BT in CDCl 3 solution in the range of temperatures from -50 to +65°C using NMR spectroscopy and using the correlations above to interpret the results. For this, we have obtained the 13 C and 1 H NMR spectra of the polymers at several temperatures in this range. These are shown in Figures 12, 13 , and 14. Figure 12 shows the sequence of the 13 C spectra (aromatic region) obtained for F8BT at -30, 25, and 50°C. The labeling of the carbon atoms is as defined in Figure 11 . There is a clear shift of the resonances of all the aromatic carbon atoms upon the increase of temperature. One very important result is that the resonances of C2, C3, C4, C5, and C6 all shift to higher frequencies, whereas C1 has the opposite behavior, going to a lower frequency. This exact behavior, with an increase in C2, C3, C4, C5, and C6 chemical shifts and a decrease in the C1 chemical shift is described by the curves in Figure 11 for a change in torsion angle from 180°t o 90°. This means that this result alone allows us to conclude that with a change in temperature from -30 to +50°C, the torsion angle of F8BT backbone decreases within the range of 180-90°; that is, F8BT starts with a more planar conformation at -30°C, with a torsion somewhere between 180°and 90°, and as the temperature rises, the torsion angle decreases still farther from planarity.
The 1 H NMR results are more difficult to analyze because several factors seem to be causing the shift of the resonances as the temperature increases. In Figures 13 and 14 , we show a series of 1 H spectra of the F8BT and PF2/6 polymers, respectively, at temperatures between -50 and +65°C. From the conclusions obtained from the 13 C results of F8BT and noting that the curves in Figures 10 and 11 indicate that 1 H and 13 C chemical shifts show the opposite behavior upon torsion angle variation, we expect Ha, Hb, and Hc resonances to shift to lower frequency as the temperature is raised (cf. curves of Figures 10  and 11 ). This is, in fact, what happens for Ha and Hc. These signals shift to lower frequencies, in agreement with the 13 C results. The same is observed for Ha of PF2/6 ( Figure 14) . Additionally, the farthest downfield 1 17 a shift to lower frequency was observed with all the aromatic protons of the polymer, whereas the solvent protons were split. As noted above, the shift in the Ha and Hc aromatic protons and the farthest downfield 1 H signal of each polymer is in the opposite direction, and there is no splitting of the solvent signal. We thus feel, in agreement with the fluorescence studies and with previous reports of chloroform being a good solvent for fluorene-based polymers, 8, 36 that there are no significant interchain interactions resulting from aggregation that affect the backbones of these conjugated polymers. However, in addition to the conformational effect on the backbone, there are other factors that appear to be acting when the temperature is decreased, and their effects are visible mainly for the alkylic resonances and for the Hb aromatic protons of both F8BT and PF2/6, which do shift to lower frequency. With the observed temperature dependence, one factor that can contribute to the behavior is polymer-solvent interaction, since for this kind of polymers, in a good organic solvent such as chloroform, these may be stronger at higher temperature. In addition, solvation will affect different parts of the molecule in different ways, depending on electronic dipoles and polarizability. The increase in intensity of the polymer-solvent interactions at higher temperatures leads to a deshielding of the 1 H shifts, causing the shift to higher frequencies observed for the alkylic and the Hb protons. In fact, these downfield 1 H shifts at higher temperatures reflect the good solubility of these polymers in chloroform. Supporting the role of solvation for PF2/6 is the fact that the signals most affected by this downfield effect are the alkylic CH 2 proton signals (∆δ ) +0.13), and these hydrogen atoms are located in the region of higher polarizability of the molecule. In contrast, for F8BT, the most affected hydrogen atoms are Hb (∆δ ) +0.19) and the first CH 2 hydrogen atoms of the alkylic chain (closer to the fluorene moiety) (∆δ ) +0.17). In F8BT, these hydrogen atoms are very close to the positive side of the benzothiadiazole dipole (since the torsion angle is some value between 180°and 90°). This means that the electronegative chlorine atoms of the solvent (chloroform) will be attracted to this region and the interactions with the solvent will be stronger in this region compared with the rest of the polymer. However, the behavior of Hb in F8BT appears to parallel in part that of the methylene group attached to the 9-position of the aromatic ring, suggesting the possibility that interactions of Hb with the alkylic chain may also be important. With PF2/6, this interaction is unfavorable, and in contrast to the behavior with F8BT, the Hb proton of PF2/6 shows only a small shift on changing temperature.
For PF2/6, temperature-induced conformational rearrangement of the alkyl chains can also contribute to the shift of the resonance of the CH 2 protons (∆δ ) +0.13). Figure 15 shows an expanded view of some of the PF2/6 spectra of Figure 14 . In the sequence of spectra, in addition to the shift of the CH 2 and CH 3 resonances to higher frequency, we observe the growth of the shoulder at δ ∼ 0.88 ppm upon increasing temperature. The growth of this shoulder probably corresponds to an increase in gauche conformations in the alkylic chains as the thermal energy approaches the energetic barrier for the trans-to-gauche transformation.
It is also interesting to note that the curves of 1 H chemical shift as a function of torsion angle (Figures 9 and 10 ) predict, as found experimentally, that Ha is substantially more sensitive than Hb or Hc to torsional changes in the range 180°to 90°. Furthermore, those curves predict the larger sensitivity of Ha of F8BT, as compared to Ha of PF2/6. Summarizing, we can conclude that the correlations between torsion angle and 1 H and 13 C chemical shifts presented in Figures  9, 10 , and 11 can be used to interpret NMR spectral changes with external factors, such as temperature, and obtain information on backbone conformational changes. The conclusions and correlations obtained for PF2/6 are similar to those obtained for F8BT. We feel, therefore, that it is reasonable to extend these correlations in a qualitative way to all PFs.
The conclusions obtained from our NMR study of PF2/6 and F8BT concerning conformational changes with temperature are also in agreement with other recent results. Our results indicate that upon a decrease in temperature, F8BT and PF2/6 adopt conformations that are closer to planarity. This agrees with the results obtained by Bright et al., 39 who found that -phase Figure 13 . 1 H NMR spectra (500 MHz) of a 0.022 M F8BT solution (in terms of repeat units) in CDCl 3 at indicated temperatures. The water signal shift to lower frequency upon the increase in temperature is due to variation of the intensity of the intermolecular forces. With the increase in temperature, the hydrogen bonds become weaker, and this translates into a shielding of the 1 H resonance of the water molecules.
(suggested to consist of an almost planar conformation) is favored by cooling solutions of PF7, PF8, and PF9.
Conclusions
Density functional theory methods were used to calculate the aromatic 1 H and 13 C NMR chemical shifts as a function of the interunit torsion angle for the PF2/6 dimer and for the F8BT monomer. This approach allowed us to obtain a series of property-structure (NMR chemical shift-backbone torsion) relationships that can be used to analyze NMR spectral data of poly(9,9-dialkylfluorenes) and obtain information on backbone conformation changes upon some external factor, such as temperature, polymer concentration, or solvent. Both the aromatic 1 H and 13 C resonances were found to be sensitive to interunit torsion angle variation. Except for the C1 and C3 carbon atoms of F8BT, which have particular behaviors due to their proximity to the thiadiazole unit, all the other aromatic carbon atoms of PF2/6 and F8BT that were considered in the study reach maximum chemical shift values at 90°torsion and minimum values at planar conformations (0°and 180°). In contrast, the 1 H chemical shifts have maximum values for planar conformations and minimum values for 90°conformations. A series of 1 H and 13 C NMR spectra were obtained for the polymers PF2/6 and F8BT in chloroform at temperatures between -50 and +65°C. The changes observed in the 1 H and 13 C spectra indicate that with an increase in temperature, the backbone torsion of both polymers varies in the range from 180°t o 90°, getting farther from planarity. The 13 C chemical shifts were found to be more readily interpreted, since some of the 1 H resonances are susceptible to opposing effects (including increasing solvation of the side groups). The resonances in the 1 H and 13 C NMR spectra of the two polymers were attributed prior to the calculation of the relationships between torsion angle and NMR chemical shifts. For that, we have obtained the DEPT and HETCOR spectra of one of the polymers, and we have calculated the 1 H and 13 C shielding constants for the PF2/6 and F8BT monomers using DFT/GIAO methods. We have tested several DFT levels of calculation for optimizing the structures and for calculating the shielding constants, and the method B3LYP/6-31G(d,p) was found to give the best results in both cases.
